Abstract. This paper reports on the development of a hyperspectral imaging prototype for evaluation of external and internal quality of pickling cucumbers. 
Introduction
Pickling cucumbers are susceptible to damage during fruit maturation in the field as well as during harvest and postharvest handling and processing operations. The presence of external and/or internal defect can lead to rejection and thus make the processor liable for economic loss. External injuries on cucumbers, such as broken, smashed and cuts, are easy to identify and these defective cucumbers can be discarded during the sorting/grading process. Internal physical damage such as carpel separation or hollow center is difficult to detect by human inspectors, and its inspection would require cutting open the fruit, which prohibits evaluation of individual cucumbers. Machine vision systems are currently used in many pickle processing plants for inspecting external characteristics (size, shape, color and/or surface defect), but they are inappropriate for detecting internal defect of pickling cucumbers. Destructive methods for detecting defect caused by mechanical injury in cucumbers were investigated (Hammerschmidt and Marshall, 1991; Miller, 1989; Miller et al., 1987; Miller and Kelley, 1989 ), but they are not suitable for inspection and grading of individual cucumbers. Researchers also explored various nondestructive methods for defect detection, including refreshed delayed light emission (Abbott et al., 1991) , broadband light transmittance (Miller et al., 1995) , and hyperspectral reflectance and/or transmittance imaging for surface defect (Ariana et al., 2006; Ariana and Lu, 2008; Cheng et al., 2004) . These methods, though promising, still need further research before they are suitable for use in a modern commercial setting.
Hyperspectral imaging is a promising technology for food quality and safety inspection because it offers the advantages of both imaging and spectroscopy over conventional machine vision technology. The technology was used for quality/defect evaluation of fruits and vegetables (Lu, 2003 (Lu, , 2007 Lu and Peng, 2005; Nicolai et al., 2006; Qin and Lu, 2005; Xing et al., 2005) as well as for contaminant and/or wholesomeness inspection of food and agricultural products (Kim et al., 2001; Lawrence et al., 2006; Mehl et al., 2004; Park et al., 2006) . Since hyperspectral imaging generates a large amount of data, it presents great challenges in data processing and analysis. As a result, the technology has been primarily used as a laboratory research tool rather than for online inspection and grading purposes. However, with advances in imaging sensor and computer, recent research has demonstrated the feasibility of implementing hyperspectral imaging technique for online quality and safety inspection of food and agricultural products (Chao et al., 2007) .
For detecting hidden, internal defect, transmittance mode would be advantageous because light in this sensing mode passes the whole fruit and thus would have more interaction with internal tissue compared to reflectance mode. Transmittance measurement using broadband light (Miller et al., 1995) has shown some success for evaluation of pickling cucumbers. Transmission near-infrared spectroscopy was used for detecting internal quality/defect of apples (Clark et al., 2003; McGlone et al., 2005; Seo et al., 2006) . Our research in transmission hyperspectral imaging also showed promising results for detection of internal defect in cucumbers (Ariana and Lu, 2008) .
The overall objective of this research was to develop a hyperspectral imaging system that is capable of performing online inspection of cucumbers and pickled products. This paper reports on the development of a hyperspectral imaging prototype in transmittance and reflectance modes and computer algorithms, and the results from two-year experiments on detection of internal defect and surface quality characteristics of pickling cucumbers.
Materials and Methods

Hardware development
A prototype based on hyperspectral imaging technique was developed for quality evaluation of pickling cucumbers. The prototype contained three major units, namely, conveying, illumination, and imaging. It was designed to detect hollow center, a common internal defect in pickling cucumbers caused by adverse growth condition and improper harvesting and postharvest handling operations, as well as to evaluate external quality characteristics, i.e., color and size. The prototype was operated in a two-lane mode at a rate of 1-2 pickling cucumbers per second per lane. While this speed is still below the one required for commercial uses, it would meet our needs in testing the design concept.
A two-lane round-belt conveying unit was designed and constructed to move and present pickling cucumbers for imaging. The two belts were designed to transport commercial size three pickling cucumbers (37-55 mm diameter). However, the distance between the two belts can be adjusted if different commercial sizes of cucumbers are to be inspected.
Two illumination sources were used for simultaneous reflectance and transmittance measurements covering the spectral regions of 400-675 nm and 675-1000 nm, respectively. Reflectance measurement in the visible region was aimed to assess the appearance (i.e., color and size) of cucumbers, while transmittance measurement was for internal defect detection because light had much better penetration in the red and near-infrared region (Qin and Lu, 2008) . A 150-W tungsten halogen lamp with a DC-regulated power supply connected to a dual fiber optic line light was used for reflectance illumination. A short-pass filter was used to block light longer than 675 nm, so that only the light of shorter than 675 nm was allowed to illuminate the cucumbers for reflectance measurement. A second light source with a 410-W tungsten halogen lamp was used for transmittance. Since transmittance below 675 nm was nearly negligible compared to the reflectance signal, no long-pass filter was used for the transmittance illumination. Figure 1 shows the placement of the illumination and imaging units.
The imaging unit consisted of a high performance 12-bit digital CCD camera (Model Sensicam QE, The Cooke Corp., Romulus, MI, USA) and an imaging spectrograph (Model ImSpector V10E OEM, Specim, Finland) attached to the camera to acquire hyperspectral images from pickling cucumbers over the spectral range of 400 -1000 nm. The hyperspectral imaging system was calibrated both spectrally and spatially by following standard procedures. Three cylindrical standard reference discs (6 mm in diameter and 6 mm in thickness) were mounted onto the frame of the conveying unit, and they were in alignment with the scan line of the imaging spectrograph for continuous image correction. The two references, made from white Teflon, were mounted at the outer side of the lanes for transmittance image correction. They were each connected to the front of the lens in the light enclosures through an optic fiber. The other reference, made from PVC, was placed between the lanes for reflectance image correction (Figure 2 ). These references were imaged with each cucumber for each scan line and appeared at the fixed positions at both edges and the center on the spatial axis (horizontal) of each 2-D hyperspectral image. The reflectance reference received illumination from the fiber optic line light above, whereas the transmittance references were each illuminated by the transmittance light source below. Since the transmittance references were placed off from the diverging transmittance beam, two optic fibers were used to "tap" light from the respective transmittance lamps and deliver it to the transmittance references. Spectral profiles from the reflectance and transmittance references were extracted from each 2-D hyperspectral image, and they were then used for correcting the spectral profiles of the pickling cucumber sample in the same image. This image correction method would effectively eliminate the effect of instantaneous light fluctuation and long-term light intensity variation on the reflectance and transmittance spectra of cucumber samples. 
Cucumber samples
'Journey' pickling cucumbers were hand harvested in July 2006 and August 2007 from experimental fields of Michigan State University's Horticultural Research and Teaching Center south of the campus in East Lansing and in Oceana County, Michigan, respectively. Defective and misshapen cucumbers were discarded. Prior to the sample selection for the experiment, several harvested cucumbers were sliced and visually inspected to ensure that the cucumbers were free from internal defect that may have been caused by adverse growing conditions. The numbers of cucumber samples used in 2006 and 2007 were 1000 and 570, respectively; only the cucumbers with a diameter of 37-55 mm (commercial size 3) were selected for the experiments. For a period of eight days, 100-200 cucumbers were pulled out from the storage (10 o C at 95% relative humidity) each day.
Defect detection and quality evaluation experiments were performed in both 2006 and 2007. For the defect experiment, 400 and 200 cucumbers in the respective years were randomly selected. The cucumbers were subjected to mechanical stress by rolling each cucumber for 30 seconds between a bench-top and a 30-cm square board supporting a 10 kg load. Mechanical stress was applied to the cucumbers after they were removed from the storage and had been held at room temperature for approximately six hours. After the treatment, the cucumbers were stored at room temperature (~22 °C) for about 18 hours before the image acquisition was started. The rest of the cucumbers (600 in 2006 and 370 in 2007) were assigned for the quality experiment. However, some of these cucumbers (200 in 2006 and 250 in 2007) , representing the normal cucumber class, were also included in the discriminant analysis for defect classification.
Image acquisition
Cucumber samples were hand loaded onto the belt conveyor, which ran at a speed of 110 mm/s. The hyperspectral imaging unit was set to acquire each image at an exposure time of 50 ms and a delay time of 50 ms. With this setting, the scan line width was approximately 5.5 mm and the spatial distance between images was 11.5 mm. The longitudinal spatial information was not acquired from the entire cucumber but systematically sampled. Spatial information in the diagonal direction was utilized to estimate the cucumber diameter that would be needed for the transmittance data correction. Approximately five to eight scan-line images were acquired from each cucumber, depending upon its actual length.
Quality/Defect Evaluation
After imaging, cucumbers for the quality experiment underwent color and firmness measurement. Skin and flesh color of the cucumber samples was measured from the middle section of each fruit using a digital colorimeter (Model CR-400, Minolta-Konica Sensing Inc., Osaka, Japan). Flesh color measurements were performed on the peeled cucumbers. Color measurements were expressed in hue and chroma. Hue represents a specific color attribute, whereas chroma is the intensity of a particular hue. Fruit firmness was measured on the cucumber slices using a texture analyzer with a 3-mm diameter probe for 6 mm penetration depth. The loading speed of the probe was 2 mm/sec. Firmness was measured at three different places of the mesocarp section from a 10-mm thick slice cut from each test cucumber. Maximum force required to penetrate the cucumber flesh was used as a measure of fruit firmness.
Cucumbers for the defect experiment were sliced diagonally into six pieces of approximately the same thickness for visual inspection of internal defect. Cucumbers were graded into two categories: normal and defective. The normal slice was characterized by intact seeds within the seed cavity (figure 3a), while a defective slice was characterized by the formation of water-soaked lesions in the endocarp (seed cavity) and/or a hollow volume at the center (figure 3b). 
Data processing
The first step carried out in processing the hyperspectral images was to divide the image that contains the information from the two lanes into two separate images for each of the two lanes. If the divided image was "blank", which indicated no cucumber present in the scan line due to a space between two cucumbers in a lane, it would be discarded from further analysis. Consecutive "non-blank" scan-line images acquired between "blank" images were identified as coming from the same cucumber. Spectral data from a hyperspectral scan-line image was sampled and averaged from 30 adjacent pixels representing an area of approximately 15.0 x 5.5 mm in the middle of the scan line of the cucumber. Relative spectra were obtained by correcting the cucumber spectra data below and above 675 nm using the corresponding reflectance and transmittance standard spectra. Subsequently, the relative spectra were smoothed using the Savitzky-Golay method. Diameter of each cucumber at a scan line was estimated from the horizontal profile of the hyperspectral image. The diameter information was applied to normalize the transmittance data over the spectral region of 675-1000 nm. The normalized transmittance was obtained by multiplying the relative transmittance with the ratio of the sample's diameter to the mean diameter of all samples:
where T N is the normalized transmittance, T R is the relative transmittance, d is the diameter of a sample, and d is the mean diameter of all samples. Initial exploration of relative spectral data showed that signal below 500 nm was too noisy; therefore only the region of 500-1000 nm was selected for the analysis.
Calibration models for color and firmness prediction were developed using the partial least squares method from 75% of the cucumber samples for the quality experiment. The leave-one cross validation technique was used to determine the number of latent variables for each calibration model. The models were finally validated with the remaining samples. For firmness prediction, both reflectance and transmittance for the entire spectral region of 400-1000 nm were used. For color prediction, only reflectance for 500-675 nm was used.
Partial least squares discriminant analysis was used for internal defect detection using the transmittance portion of the hyperspectral scan-line images for 675-1000 nm. Defective cucumbers (400 in 2006 and 200 in 2007) that were generated through application of mechanical stress and normal cucumbers (200 in 2006 and 250 in 2007 ) from the quality experiment were used to develop the model. Two-class classification, namely normal and defective, was used in the model development. Classification models were developed from 75% of the samples. The classification accuracy for each class and the overall accuracy were calculated using the remaining validation samples. Table 1 prediction results were obtained using the entire wavelengths of 500-1000 nm. 2 For skin and flesh color prediction, only reflectance over 500-675 nm was used. SEP = standard error of prediction; R 2 = coefficient of determination.
Results and Discussion
Quality prediction
difficulty of predicting flesh firmness. In our previous study where tests were conducted under a stationary, more controlled condition, better firmness predictions were obtained (Kavdir et al., 2007) . The poor firmness predictions could be partly attributed to the change in the method used for measuring flesh firmness in this study as well as due to the firmness variation along the cucumber. 
Internal Defect Detection
The spectra of normal and defective cucumbers were heavily overlapped in the visible region. Conversely, the spectra of normal and defective cucumbers were well separated in the near infrared region (Figure 4 ). This indicated that reflectance would not be effective for detecting defective cucumbers. The transmittance of defective cucumbers was consistently higher than that of normal cucumbers. This might be due to water-soaked lesions and tissue separation. The light scattering abilities of cellular components (e.g., cell walls, starch), which normally diffract or reflect light, might have decreased due to the fluid build-up from the ruptured cells. Severely defective cucumbers would transmit more light because they had a substantial portion of its endocarp missing, which was consequently filled with air. Normal cucumbers would scatter more light because the intact endocarp contains subsections of carpel, placenta and locular tissue. This research demonstrated that the prototype of hyperspectral reflectance and transmittance imaging could achieve high defect classification accuracy. While the results for skin color predictions were not particularly high, they are comparable to the results from our previous study (Kavdir et al., 2007) , in which an interactance mode was used. Two factors might have contributed to lower correlation for skin color. First, due to high levels of noise, spectral information for a portion of the visible light between 400-500 nm was not used in the calibration model development, which could have had some negative effect on color prediction. Second, standard color measurements were only taken from a small area (5 mm diameter) in the middle section of each fruit, whereas hyperspectral scan-line images were taken at several locations of each cucumber along the longitudinal direction. Color variation was expected along the longitudinal direction of individual cucumbers, which could result in lower correlation with the standard color measurement. Since the hyperspectral imaging system provides spectral reflectance for the visible region, it would be better to perform color calibration against a color standard, which would allow us to obtain a color map for the entire surface of each cucumber. Poor predictions of flesh color were somewhat unexpected. A narrow range of flesh color variation among the test samples was a major factor. Flesh color variation along the cucumber could have also contributed to poor prediction results.
To meet the commercial sorting and grading requirements, the imaging acquisition and processing time needs to be improved. This may be achieved by using a more sensitive digital camera and more efficient image processing algorithms. Further work is also needed on better utilization of spatial information from the hyperspectral images for detection of other surface characteristics such as blemishes.
Conclusions
A hyperspectral imaging prototype was built for online evaluation of external and internal quality of pickling cucumbers. The prototype had several unique, new features including simultaneous reflectance and transmittance imaging and continuous measurements of reference spectra. Reflectance imaging in the visible region was useful for external quality evaluation (color and size), whereas transmittance imaging in the near infrared region was good for internal defect detection. Experiments performed on 'Journey' cucumbers in 2006 and 2007 showed that the new technique of simultaneous reflectance and transmittance imaging is advantageous over single sensing modes in achieving the goal of evaluating both external and internal quality of cucumbers. The prototype had good prediction of skin color, and its overall accuracy for internal defect detection was greater than 90%. However, the prototype did not achieve an acceptable level of accuracy in firmness and flesh color prediction, which could be partly due to the use of inadequate reference measurement methods. Further improvements in the hardware and software are needed, so that the prototype could provide faster and more accurate evaluation of individual cucumbers.
